Ab initio study of hydrated potassium halides KX"H 2 O… 1-6 "X = F , Cl, Br, I… The ionic dissociation of salts was examined with a theoretical study of KX ͑X=F,Cl,Br,I͒ hydrated by up to six water molecules KX͑H 2 O͒ n ͑n =1-6͒. Calculations were done using the density functional theory and second order Møller-Plesset ͑MP2͒ perturbational theory. To provide more conclusive results, single point energy calculations using the coupled cluster theory with single, double, and perturbative triple excitations were performed on the MP2 optimized geometries. The dissociation feature of the salts was examined in terms of K-X bond lengths and K-X stretch frequencies. In general, the successive incorporation of water molecules to the cluster lengthens the K-X distance, and consequently the corresponding frequency decreases. Near 0 K, the KX salt ion pairs can be partly separated by more than five water molecules. The pentahydrated KX salt is partly dissociated, though these partly dissociated structures are almost isoenergetic to the undissociated ones for KF / KCl. For the hexahydrated complexes, KF is undissociated, KCl/ KBr is partly dissociated, and KI is dissociated ͑though this dissociated structure is nearly isoenergetic to a partly dissociated one͒. On the other hand, at room temperature, the penta-and hexahydrated undissociated structures which have less hydrogen bonds are likely to be more stable than the partly dissociated ones because of the entropy effect. Therefore, the dissociation at room temperature could take place for higher clusters than the hexahydrated ones.
I. INTRODUCTION
The study of dissociation of a salt in water essentially involves the separation of the associated ions that constitute the salt. Despite its apparent simplicity, it is difficult to describe at the molecular level the mechanism whereby a salt dissociates in water due to its experimental difficulty. [1] [2] [3] [4] The mechanism governing the salt dissociation is highly relevant to diverse biological, environmental, and atmospheric chemical processes 5, 6 as well as recognition by ionophores. 7 Ab initio calculations on the dissociation of alkali halides in water clusters have scarcely been studied to date. [8] [9] [10] [11] [12] [13] [14] [15] This prompted us to undertake a theoretical study to clarify the characteristics of the processes. Most theoretical studies performed in this field have focused on the characterization of hydrated ions. Halide ions [16] [17] [18] [19] [20] and alkali metal cations [21] [22] [23] [24] [25] [26] hydrated by water clusters have been thoroughly studied both theoretically and experimentally. In this regard, detailed ab initio studies of the dissociation phenomena of metal halides by water clusters are particularly interesting. [8] [9] [10] However, the dissociation of potassium halides by water clusters, despite its importance in biological, environmental, and atmospheric chemical processes, has been the subject of much less study. 5 One way of approaching the structure and properties of aqueous solution of salts involves using a quantum chemical method to examine clusters of a salt formed by water molecules. Salt dissociation involves a cooperative process between salt and water molecules. As water molecules are successively incorporated, the cation-anion distance in the salt increases gradually, resulting in an ion pair separated structure.
To accurately predict the relative stability of dissociated and undissociated forms, it is essential to use reliable computational methods to incorporate the electron correlation by employing reasonably large basis sets including diffuse functions. In this regard, we performed high-level ab initio calculations as well as density functional theory calculations on potassium-halide clusters hydrated by up to six water molecules ͓KX͑H 2 O͒ n=1-6 , where X = F, Cl, Br, and I͔.
II. COMPUTATIONAL METHODS
Firstly, the structures of KX͑H 2 O͒ 1-6 water clusters were investigated by using Becke's three parameters with LeeYang-Parr functionals 27 ͑B3LYP͒ with the 6-311+ + G ** ͑sp͒ basis set. These low-energy conformers were further optimized at the level of second order Møller-Plesset ͑MP2͒ perturbational theory with the aug-cc-pVDZ+ ͑2s2p /2s͒ basis set ͑abbreviated as aVDZ+͒. Here, ͑sp͒ and ͑2s2p /2s͒ are highly diffuse basis sets. 28 In the case of potassium atom ͑K͒, we used the energy adjusted Stuttgart effective core potentials and added a d exponent of 0.48 to the valence bases. 29 For X = Br and I, we used the diffuse basis set with the effective core potential of Lajohn et al. 30 For better reliability, single point energy calculations based on the coupled cluster theory with single, double, and perturbative triple excitations ͓CCSD͑T͒ / aVDZ+ ͔ on the MP2 / aVDZ+ optimized geometries were performed. Both MP2 and CCSD͑T͒ calculations were carried out with frozen core.
The vibration analysis using the analytical second derivative matrix was carried out to characterize the nature of the stationary points. If an optimized structure, usually with some symmetry constraints, has one or more imaginary frequencies, we further optimized the structure along the imaginary normal modes until we obtained the true local minimum structure where all the frequencies are real.
The interaction energies ͑−⌬E e ͒ for hydration of KX are reported with the median value of the energies with and without basis set superposition error ͑BSSE͒ correction, while half BSSE is reported like an error bar. 28 Zero-pointvibrational energy ͑ZPE͒ and thermal energy corrections based on the B3LYP/ 6-311+ + G ** ͑sp͒ or MP2 / aVDZ+ frequencies were used to obtain the ZPE-corrected binding energies ͑−⌬E 0 ͒ and the binding enthalpy ͑−⌬H 298 K o ͒ and binding Gibbs free energies ͑−⌬G 298 K o ͒ at 298 K and 1 atm. Random phase approximation ͑RPA͒ calculations at the B3LYP/ 6-311+ + G ** ͑sp͒ level and configuration interactions with single excitations ͓CI͑S͔͒ at the MP2 / aVDZ+ level of theory were carried out to obtain charge-transfer-tosolvent ͑CTTS͒ energies. The analysis of polarization effects and charge transfer was carried out with charges fitted to the electrostatic potential ͑ESP charges͒. ESP charges were calculated by the natural bond orbital ͑NBO͒ population analysis. 32 All the calculations were carried out with the GAUSSIAN-03 programs. Table I shows that the calculated binding energies and frequencies of the salts in isolation are in reasonable agreement with the experimental values, and the variations related to the electron affinity and polarizability of the anions are compared very well with the experimental trend. 34, 35 Compared with the B3LYP results, the MP2 / aVDZ+ results appear more consistent with the CCSD͑T͒ / aVDZ+ results. Thus, most of our discussion will be based on the MP2 / aVDZ+ structural parameters ͑geometries and frequencies͒ and on the CCSD͑T͒ / aVDZ+ energies. At the B3LYP level the polarizability values were underestimated with respect to the experimental ones, whereas at the MP2 level they were overestimated. However, their overall results are consistent. Figure 1 shows the important low-lying energy structures of KX͑H 2 O͒ n=1-6 . The number of water molecules and some letters to distinguish among different structural arrangements are employed to identify the structure of clusters. 9 Each conformer is denoted as nRn p n p Ј¯/ m q m q Ј¯. Here, n is the number of water molecules, R stands for a ring structure, ͕n p n p Ј¯͖ is a set of numbers of heavy atoms ͑excluding H atoms͒ present in the rings including both K and X atoms, and ͕m q m q Ј¯͖ is a set of numbers of the atoms in the rings where K and X atoms are not present together. ͕n p n p Ј¯͖ and ͕m q m q Ј¯͖ are given in ascending order. To provide the information of coordination for each structure, ͑k / l͒ is used to denote the coordination number for the cation/anion. We also used additional notations: L for linear shape and "Cube" for cubical shape. In short notation, nRn p n p Ј¯/ m q m q Ј¯w ill be simply denoted as nRn p n p Ј¯e xcept for Fig. 1 .
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III. RESULTS AND DISCUSSION
A. Energetic properties
In order to obtain the lowest energy structures, we investigated various hydration structures of NaX͑H 2 O͒ 1-6 , 9 which included the hydration structures of salts reported in previous papers, [8] [9] [10] [11] [12] [13] [14] [15] and also considered the hydration structures of alkali metal cations, [21] [22] [23] [24] [25] [26] halide anions, 20 bases, and acids. 10 We also considered the possible structures based on the topological analysis, as we previously investigated for water clusters and excess electron-containing water clusters. 36 This topological analysis was done in consideration of various structures depending on the coordination numbers of the alkali metal cation ͑M + ͒ and the halide anion ͓cn͑# M+ , # X− ͒, where # M+ or # X− was considered to be 2, 3, or 4͔. For example, for n =5 ͑pentahydration͒, cn͑3,3͒ can have two types of H-bond relay pathways comprised of a set of different numbers of water molecules between M + and X − . Without taking into account the cross-passing H bonds, the two types of paths, path͑2,2,1͒ and path͑3,1,1͒, have the shapes of 5R344 and 5R355 in Fig. 1 , respectively. By taking into account the cross-passing H bonds, path͑2,2,1͒ generates 5R3444/ 34, 5R3444/44, 5R4444/ 444, etc. ͑not shown͒. In this way, we can consider quite many conformers for the clusters. However, in most cases, it is clear that certain conformers do not need to be considered because of their highly strained structures. When generated structures would be considered to be low-lying energy conformers, they were tested for their relative stabilities at the B3LYP/ 6-31+ G * level. In this way, for each hydrated system of KX, more than 100 conformers were investigated for the first screening test, followed by more accurate calculations ͓B3LYP/ 6-311+ +G ** ͑sp͒, MP2 / aVDZ+͔ of ϳ50 low-energy conformers. Then, for the four types of potassium halides, accurate MP2 / aVDZ+ calculations with geometry optimization and frequency analysis were carried out on these ϳ200 different conformers. Therefore, it is almost certain that the lowest energy structures reported here would be the global minimum energy structures at the given levels of theory, which we cannot prove though. Furthermore, from our previous study of NaX͑H 2 O͒ 1-6 clusters, we have obtained some useful experiences for the structural changes from F to I. As the ionic strengths and ionic radii of halide ions have large influence in the hydration, 20 the fluoride ion tends to favor internal-bound states, while the chloride, bromide, and iodide ions have surface-bound states for isolated ionic hydration structures. However, in the binary cation-anion hydration systems, the difference in hydration structure depending on F to I is rather small due to the strong ion-ion interaction. Thus, the hydration structures of potassium-halide salts are similar to those of sodium-halide salts, though there are some differences. Since we reported a number of structures in our previous study of NaX͑H 2 O͒ 1-6 , we here describe only the important low-lying energy structures of KX͑H 2 O͒ 1-6 in Fig. 1 . 5 for X=F/Cl are 5R344, similar to the case of the NaX-water clusters, those for X = Br/ I are 5R355. However, both 5R344 and 5R355 are nearly isoenergetic for X=F/Cl/Br, while for X = I, 5R355 is nearly isoenergetic to 5R3344. In the case of n = 6, the lowest energy structure for X = Cl/ Br is 6R445, whereas that for X = I is 6R335. Here, 6R4444 is nearly isoenergetic to 6R444 and 6R3345 for X = F and X = Cl/ I, respectively. Table III confirms that the CCSD͑T͒ / aVDZ+ interaction energies are consistent with and very close to the MP2 / aVDZ+ interaction energies. Therefore, we facilitate our discussion based on the MP2 results because CCSD͑T͒ values for n = 6 were not obtained due to the convergence problem.
As water molecules are incorporated, the cluster binding energy increases because of the increased strength of the interactions and the increased number of hydrogen bonds, as shown in Fig. 2͑a͒ . However, in Fig. 2͑b͒ the successive binding energy ͑i.e., energy change resulting from the addition of a new water molecule; ⌬E 0 n -⌬E 0 n+1 ͒ increases up to four water molecules but is saturated from n = 4 because the subsequent water molecule starts to build up a second solvation shell. For n = 3, each ion in 3R333 is tricoordinated by three water molecules. The successive binding energies for the first few water molecules are much larger in KF͑H 2 O͒ n than in KX͑H 2 O͒ n ͑X=Cl/Br/I͒. Table IV lists the selected structural parameters calculated at the MP2 / aVDZ+ level. The four salts ͑X =F/Cl/Br/I͒ exhibit similar lowest energy structures for n ഛ 4. In the case of the lowest energy clusters of KX͑H 2 O͒ 1-3 , the water molecules play a role in bridging between a cation and an anion. These structures show a water-shared ion pair. The addition of the fourth water molecule starts to build up a second solvation shell as water molecules can no longer coordinate to both ions, and so strong water-water interactions begin to develop. Therefore, not only the coordination number of the halide atom but also the hydrogen bonds between water molecules increase. The structures of clusters containing five or more water molecules were examined with various conformers that yielded a number of minima on the potential surface.
B. Structural properties
The ionic radius of fluoride ion is shorter than that of oxygen, and so the K-F distances are shorter than the K-O distances in mono-and dihydrated K-F systems. However, in the trihydrated systems the K-F distances are longer than the K-O distances. The K-O stretching frequencies are in the range of 190-220 cm −1 . The hydrated Na + and K + ions have different coordination numbers, 4 and 4-6, respectively. The K + ion is on the transition point from the internal-bound ͑Li + and Na + ͒ to partly surface-bound ͑Rb + and Cs + ͒ structure. The hydrated halide anions have the coordination number of 4 within the hexahydrated systems. The hydrated K-X salts have more water-water H bonds than the hydrated Na-X salts. 9 The water-water H bonding slightly decreases the K-X distances for the tri-to pentahydrated KF and KCl systems. For the hexahydrated KX systems, 6Cube has a completely dissociated structure, but it is much less stable than 6R4444. 6R444 is partly dissociated for X = Cl/ Br/ I, but it is still undissociated for X = F. In the case of X = I, 6R3345 which is regarded as a dissociated structure is more stable than 6R4444. Here, the terms of ͑full͒ dissociation ͑i.e., solvent separated ion pair͒, partial dissociation ͑half-dissociation or partial contact ion pair͒, and undissociation ͑i.e., contact ion pair͒ are based on our previous work of NaX͑H 2 O͒ n , and the brief discussion is given in the footnote in Table IV . Figure 3 clarifies the above discussion. Figure 3͑a͒ shows the change of K-X bond length with respect to the water cluster size n. For KF͑H 2 O͒ n where n ഛ 3, the bond length increases, but for n = 4 and 5 the bond length slightly decreases as the interactions between water molecules begin to develop and the binding energies increase. However, for n = 6, the bond length increases again. A similar trend is also observed for other hydrated salts ͑KCl, KBr, and KI͒, while the bond length for n =4 ͑and 5͒ is almost constant with respect to the change of the cluster size n. For n =4/5/6, the hydrated KX systems have two nearly isoenergetic conformers except for KBr͑H 2 O͒ 5 . A more appropriate way of comparing the effect of water molecules on the salt geometry is in terms of the relative distance increase from the isolated molecule. The largest increase in K-X distance occurs in KI clusters followed by KCl and KBr clusters. The elongation effect is greater in the clusters of six water molecules. This suggests that the ion pair formed upon the dissociation is more efficiently stabilized in the clusters for n = 6. The presence of a partial second shell of water molecules between the two ions introduces significant stabilization in the ion pair as their dipole moments oppose that from the formation of the ion pair. In the clusters containing four water molecules, however, the dipole of one water molecule does not directly oppose the dipole established by the ion pair, which results in less efficient stabilization of the ion pair.
In Fig. 3͑b͒ , the K-O distance remains constant regardless of the number of water molecules. This reveals that the characteristics of the interaction are similar in all clusters and hence the interaction is governed by the presence of interwater hydrogen bonds and water-halide ion hydrogen bonds. Figure 3͑c͒ shows that the X¯H distances are almost constant regardless of the cluster size. The main difference in the X¯H distance between different salts lies in the electronegativity of the halide involved. Consequently, particularly short X¯H distances correspond to the hydrated fluorine salt clusters, which depart clearly from other hydrated halide salt clusters.
We investigated various low-lying energy structures based on topological analysis. The barriers between different conformers would be around 1 -2 kcal/ mol ͓for example, for KCl͑H 2 O͒ 4 , the barrier between 4R344 and 4R334 is ϳ1.6 kcal/ mol͔. Since the interconversion between the various conformers would not be significant near 0 K, their IR frequencies would be identifiable at low temperatures. These different conformers provide real frequency wave numbers ͑not imaginary wave numbers͒. Therefore, they are local minimum energy structures. These structures can be distinguishable at low temperature gas-phase cluster experiments. However, as the temperature increases, the structures can change due to the entropy effect. At room temperature, based on the free energy ⌬G 298 , the low-energy structures of KX͑H 2 O͒ 1-6 are 1R3, 2R33, 3R333, 4R334, 5R344, and 6R444, as listed in Table II . The minimum free energy structures from monohydrated to tetrahydrated systems are the same with the ⌬E 0 -based ones. However, penta-and hexahydrated structures at room temperature are different from those near 0 K. Conformers 5R344 and 6R444 which have less H bonds are more stable at the room temperature. Then, the less-dissociated structures are favorable at room temperature than at very low temperatures. Thus, at room temperature the dissociated structures would be seen for higher clusters than the hexahydrated ones. However, more conclusive results would be obtained by using high-level ab initio molecular dynamics simulations.
C. Vibration frequencies
The K-X stretching frequencies reflect the bond length elongation arisen from the weakening of the K-X bond as water molecules are added to the system. Thus, the K-X stretching frequencies in Fig. 3͑d͒ reflect the K-X bond lengths in Fig. 3͑a͒ , while their trends are opposite with respect to the cluster size n. Table V shows that, for all the four types of salts up to three water molecules, the O-H͑X͒ frequencies decrease as water molecules are added to the cluster. However, with the addition of the fourth water molecule to the system, the frequency is almost constant ͑with only slight increase/decrease depending on the structure of isoenergetic conformers͒, reflecting the stabilization of the system as hydrogen bonds between water molecules begin to develop. With the addition of the fifth water molecule, such behavior of the clusters diverges depending on the halide type of salts and the structure of isoenergetic conformers. The incorporation of the sixth water molecule causes an additional increase in the K-F stretching frequency for the undissociate structure, while it causes a significant decrease in the K-X frequencies ͑X=Cl/Br/I͒ for partially ͑or fully͒ dissociated structures. The latter effect is much more significant for the dissociated structure of KI͑H 2 O͒ 6 . Figure 4 shows the IR spectra for the scaled MP2 / aVDZ+ predicted O-H stretching vibrational frequencies ͑scale factor: 0.96͒ of the lowest energy structures. The full MP2 / aVDZ+ frequency data ͑unscaled͒ and spectra ͑scaled͒ for KX͑H 2 O͒ 1-6 ͑X = F, Cl, Br, I͒ are available in the journal's Electronic Auxiliary Publications Service ͑EPAPS͒. 57 The KX͑H 2 O͒ 1-6 clusters exhibit both the O-H frequencies involving hydrogen bonds ͑OH b ͒ and the O-H frequencies not involving hydrogen bonds ͑OH n ͒. The OH b stretching frequencies show a marked decrease with respect to those of the isolated water molecule ͓ϳ1000-400 cm −1 in the case of KF͑H 2 O͒ 1-6 and ϳ400 cm −1 for KX͑H 2 O͒ 1-6 , where X = Cl, Br, and I͔. The free OH n peaks remain constant in both frequency and intensity for all the salt-water clusters. These predicted frequencies would be useful for facilitating the future experiments because such OH stretching frequency shifts have been utilized for structural identification of various hydrated molecular clusters. [58] [59] [60] [61] However, the IR spectra of some mixed structures would be present as the temperature increases, and at room temperature the spectral features of 5R344 and 6R444 could be seen for n = 5 and 6.
D. Electronic properties
Table VI lists the electronic properties of the KX͑H 2 O͒ 1-6 clusters calculated at MP2 and B3LYP levels of theory. The calculated Koopman's ͑IP K ͒ and vertical ionization potentials ͑IP V ͒ of the KF͑H 2 O͒ 1-6 complexes increase up to n = 3 and become almost constant for n ജ 3. On the KX and KO indicate the unscaled K-X and K-O stretching wave numbers in cm −1 . " * / ** " denotes the half/full dissociation based on both ͑i͒ the degree of elongation of r KX ͑⌬r KX ͒ with respect to the pure KX without hydration ͑i.e., partial dissociation for 0.5 Å Ͻ⌬r KX Ͻ 1.0 Å and full dissociation for ⌬r NaX Ͼ 1.0 Å͒ and ͑ii͒ the degree of coupling of the KX stretch frequency modes KX with other modes ͑i.e., partial dissociation for 50 other hand, the vertical ionization potentials of the KX͑H 2 O͒ 1-6 clusters with X = Cl, Br, and I increase monotonically with n. This increase for n ജ 4 becomes rather smaller than that for n ഛ 4, indicating that the electronic structure around the K atom is weakly affected by the fifth and sixth water molecules after the primary coordination is completed at n =4.
Atomic charges for the ion pair derived from a natural population analysis was performed for the most stable structures and are shown in Table VII , where we also report the charges for the first excited state. Figure 5͑a͒ shows the CI͑S͒ polarity change of the K and halide atoms for the transition from the ground state to the first excited state for the lowest energy structures. The total charge of the ion pair is given as ͑␦q CT ͒ which is associated with the charge transferred from the ion pair to the water molecules. The positive value of charge transfer denotes the case that the salt has positive charge and the water cluster has the same amount of negative charge ͓Fig. 5͑b͔͒. Figure 5 shows that KF is particularly different from KX ͑X=Cl/Br/I͒. KF shows significant CTTS phenomena even for n = 1, while KX shows significant CTTS phenomena from n = 3. For n ജ 4, water molecules can no longer coordinate to both cation and anion, and strong water-water interactions start to develop. This leads to a shortening of the K-X bond length and to a consequent decrease on the charge transfer.
IV. CONCLUSION
We studied the ionic dissociation of the KF, KCl, KBr, and KI clusters hydrated by up to six water molecules: KX͑H 2 O͒ n ͑n =1-6͒. Calculations were done using B3LYP and MP2 methods in conjunction with the 6-311+ +G ** ͑sp͒ and aug-cc-pVDZ+ ͑2s2p /2s͒ basis sets, respectively. The results provided by both methods were similar up to the addition of four water molecules; however, the MP2 method ͓which is consistent with the CCSD͑T͒ method in the present systems͔ predicted different lowest energy conform- [1] [2] [3] [4] [5] [6] . ͓IP V and are vertical IPs ͑in eV͒ and dipole moment ͑in debye͒ at the MP2 / aug-cc-pVDZ+ ͓2s2p /2s͔ level. E CTTS RPA and E CTTS CI͑S͒ are charge-transfer-to-solvent energies ͑in eV͒ at RPA-B3LYP/ / 6-311+ + G ** ͓sp͔ and CI͑S͒ / aug-cc-pVDZ+ ͓2s2p /2s͔ levels and their oscillator strengths ͑f͒.͔ ers for KX͑H 2 O͒ 5-6 for X = Cl, Br, and I. At very low temperatures ͑near 0 K͒, the zwitterionic forms appeared with the addition of five water molecules. For these pentahydrated clusters, the lowest KX structures were partly dissociated, though the partly dissociated KF and KCl structures were nearly isoenergetic to the undissociated ones. In the case of the hexahydrated clusters, partly dissociated structures were observed for KCl/ KBr, and a dissociated structure was found for KI. The K-X stretching frequency tended to be much smaller as the degree of dissociation increased. As the temperature increases, the most highly populated structures would change due to the entropy effect. At room temperature, for the penta-and hexahydration based on the free energy ⌬G 298 , undissociated conformers 5R344 and 6R444 which have less H bonds were the most stable. Then, at room temperature the dissociated structures would be seen for higher clusters than the hexahydrated ones.
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